Abstract. An analytical model is proposed to determine the discharge capacity in a meandering compound channel. The channel cross-section is divided into four sub-sections, such as the lower main channel, the floodplain within the meander belt and the two outer floodplains. Momentum transfer in-between these four subsections is taken into consideration in the analytical model. The model basically determines the force balance of each individual subsection to predict its mean velocity and thereby the sub-sectional discharge. The paper suggests a non-dimensional parameter, u u , which is the momentum transfer coefficient, that is determined to be unique for each individual channel. The paper deals with the calibration of this parameter for both largescale and small-scale data sets.
Introduction
Flow in a straight compound channel has both the main channel and the floodplain moving in the direction of the valley slope. Flow in the meandering compound channel is complicated, unlike straight compound channels, where the main channel progresses in the direction of the meandering pattern and the floodplain moves in the direction of the valley slope [1] . Contrary to straight compound channels, flow in meandering channels is different where water no longer flows primarily in the main channel or the valley direction with mixing restricted to the main channel and floodplain interface. Rather, a three dimensional interaction of water from floodplain to the main channel and vice-versa occurs [2] . For the case of meandering compound channels, in addition to the variation in velocity in the lower main channel and the upper floodplain region; flow in the outer floodplain region is also determined to be faster than that of the floodplain within the meander belt [3] . [1, 4, 5] also observed similar trends, for higher relative depths. [1] observed a uniform lateral velocity for lower relative depth of 0.15; for relative depth 0.5, the highest velocity occurred at the center of the floodplain. [6] presented that, at low over-bank flow, the interaction of flow above and below bank cause a significant deflection above the bank-full level while at deeper over-bank flows the interaction is less significant and the two layers are less dependent on each other. The above observations demonstrate that the position of highest velocity and in turn * e-mail: er.arpanpradhan@gmail.com the direction of momentum transfer depends on the relative depth of flow. These velocity differences amongst the subareas of a compound meandering channel causes shear stress along the interface planes. Therefore, besides the horizontal interface between lower main channel and the upper floodplain, vertical interface differentiating the meander belt width and the outer floodplains is also considered.
Taking into account these complicated flow interactions, different methods to predict stage-discharge has been presented [7] [8] [9] [10] [11] , based on conventional channel division and classical Manning's equation approaches. Moderately a few two dimensional (2D) and three dimensional (3D) numerical approaches [5, [12] [13] [14] have also been developed which provide higher precision in discharge prediction for meandering channels. These models although favorable, are relatively complicated and require quite a few empirical constants such as dimensionless eddy viscosity, local friction factor, secondary flow etc. On the other hand, one dimensional (1D) methods are simple and convenient.
In this paper, an attempt is made in proposing a simple 1D method for assessing discharge capacity in compound meandering channels by considering only the momentum transfer between the subsections. The compound channel is considered to be divided into four subsections. Force balance relationship for each of the subsections is evaluated by considering the apparent shear forces at the interface planes. Zonal velocity at the subareas is determined to calculate zonal discharges and thereby the total discharge. The method is applied to the large-scale flood channel facility (FCF) experimentations and the small-scale channels of [15] and [16] to evaluate the momentum transfer coefficient in each of these channels. Procedure to calibrate the momentum transfer coefficient for a meandering compound channel from the measured discharge is proposed. Figures 1 and 2 illustrates the plan view and the cross-section of a typical meandering compound channel respectively. The total channel cross-section is divided into lower main channel (subsection 4), the floodplain within the meander belt (subsection 2) and the outer floodplains (subsections 1 and 3), [7] [8] [9] 17] . [8] used the channel division approach by [9] for the subsection assessment method for meandering compound channels which has been incorporated in this paper. [8] suggested that the longitudinal velocities below bank-full level tend to follow the main channel sidewalls while the floodplain velocities are generally in the valley direction. Therefore, a horizontal shear layer between the lower main channel and the floodplain is assumed to occur. [1] proposed a similar observation on account of [16, 18, 19] .
Force balance among subsections
Another important mechanism anticipated by [8, 9, 20] is that the floodplain flow outside the meander belt is usually faster than within the belt suggesting that the meandering main channel has negligible effect on the outer floodplain. [1, 5] suggested that due to the existence of complex and strong momentum exchange at the interfaces, the mixing regions have to be separated. In addition, the flow behaviour in meandering compound channels observed by various researchers indicate that both the outer floodplain regions behave indistinguishably and independent of the flow over meander belt [1, 4, 21] , therefore having almost equivalent mean velocity. The above explanation thus substantiates the channel division assumed in this paper.
Figure 2. Cross-section of a Meandering Channel
In the present analytical model, for an initial formulation of force balance equations, the velocity at the meander belt region has been assumed to be higher than that of the outer floodplains and the lower main channel. The net rate of momentum flux into a control volume plus the sum of the gravitational and friction forces is equal to the rate of accumulated momentum within the control volume [22] . The flow over a wavelength ( u ) of meandering channel is presumed to be quasi-uniform, for which energy loss observations were carried out by [7, 8] . Hence, the shear force calculations for the force balance relationship in this paper is considered for a flow body over a wavelength, where the total gravitational component balances the sum of apparent shear forces and the bed shear force. The length travelled by the flow in the main channel is taken as sinuosity ( ) times the wavelength. The hydraulic slope for the lower main channel (subarea 4) and the meander belt region (subarea 2) is taken as ( u 0/u) as depicted by [9, 17] while the floodplain gradient ( 0 ) is used in calculating the outer floodplain flows.
The force balance relationships can thus be expressed as follows; for the left outer floodplain (Subsection 1)
for the meander belt width region (Subsection 2) 
and for the lower main channel (Subsection 4)
where, is the water density, , the acceleration due to gravity, 0 is the bed slope of floodplain and is the sinuosity of the meandering channel. u and u are the cross-sectional area and the wetted perimeter of the subarea respectively, excluding the division lines. is the width of the horizontal interface between the lower main channel and the meander belt width whereas ℎ 12 and ℎ 23 are the depths of vertical interface between the meander belt width and the left and right outer floodplains respectively. uu is the boundary shear stress on the channel beds for the subareas.
u12 and u23 are the mean apparent shear stresses on the vertical interfaces.
Determination of Stresses

Sub-sectional Boundary Shear Stress
Boundary shear stress is proportional to the square of the flow velocity for steady uniform flow. Assuming the condition appropriate for zonal boundary shear in compound channels, the boundary shear stress, uu , in subsection may be expressed as,
where u and u are the Chezy coefficient and the mean velocity in the subsection (1,2 and 3) respectively. uu /u 2 is the proportionality coefficient [23] .
Interface Stresses
Horizontal shear layer between the faster moving water in the meander belt width and the slower moving lower main channel is formed, where vertical exchange of lateral momentum occurs. Consequently, vertical apparent shear exists at the interface of the meander belt region and the outer floodplain, which generally accelerate the flow in the outer floodplains and resists the flow in the meander belt width where the horizontal exchange of vertical momentum occurs.According to the momentum transfer theory of Prandtl [24] , one assumes that the mean apparent shear stress on the horizontal interface between the upper and lower main channels, u24 , may be expressed in terms of the vertical gradient of characteristic velocity, u as
where 24 = turbulent eddy viscosity coefficient; and = vertical direction. According to [25] , the turbulent eddy viscosity is expressed as the product of a dimensionless coefficient, characteristic velocity u and characteristic height in the horizontal shear region between the upper and lower main channel. Consequently, the horizontal apparent shear stress is expressed as, 
in which 24 is defined as the dimensionless horizontal momentum transfer coefficient. This can also be represented as u .Using a similar approach, vertical apparent shear forces can be determined on the vertical interfaces [25] . By analogy, 
where 12 and 23 are the momentum transfer coefficients on the corresponding vertical interfaces. [26, 27] stated that for symmetrical channel cross-sections, the momentum transfer coefficients on the vertical interface between the upper main channel and the left and right floodplains are equal, i.e. 12 = 23 . Therefore, the vertical momentum transfer coefficient on each interface is designated as u .
According to [28] , as the floodplain width increases it increases the apparent shear force acting at the interface between the main channel and floodplains. This shows that the momentum transfer coefficient is dependent on the ratio of floodplain width to that of the main channel [25, [29] [30] [31] .
Due to asymmetry in the cross-section of a meandering compound channel, the total vertical momentum transfer coefficient, (2 u ) is presumed to be shared between the left and right interfaces in their respective ratios of floodplain to the total channel width.The vertical momentum transfer coefficients are hence represented as,
and
where = u /u is the width ratio of the compound channel and = u uu/u is the ratio of meander belt width to that of the overall floodplain width ( ), here is main channel bed width. Solving analytically Eqs. (1) to (4), the expression for the velocity in every subsection may be analytically found. Correspondingly, the sub-sectional discharge is also estimated.
Experimental data sets
The method is applied to conventionally recommended experimental data sets. The data sets used here, are the large scale Flood Channel Facility (FCF) Phase B experimentations conducted by HR Wallingford, UK [8] ; the small scale experimentations by the [15] at the Waterways Experiment Station in Vicksburg, Mississippi, USA and the experimental study of [16] . The experimental observations used here along with the channel parameters are summarized in Table 1 .
In the experimentations of FCF Phase B, four series of data sets, particularly, B21, B26, B39 and B47 have been chosen. These data sets provide a comprehensive difference between different channel types having dissimilar sinuosity and width ratios. Both the series B21 and B26 have a crossover angle of 60 ∘ , but the former is a trapezoidal channel while the latter has a natural cross-section.
Three data series of [15] i.e. XII, XIII and XIV have been considered here, having a width ratio, 8 with sinuosity of 1.57, 1.4 and 1.2 respectively.
[16] carried out experimentations on four sets of 1.09 sinuosity channels having width ratio 5.56. The data sets are represented as TS1 to TS4 in Table 1 where the main channel depth ratio ( = u /ℎ) is 5.5 with the bed slopes ( 0 ) varying from 0.000675 to 0.00367. 
Calibration of Momentum Transfer Coefficient
Momentum transfer coefficient is a value, characterizing the intensity of momentum transfer in a compound channel [32] . The proposed model to estimate the discharge capacity of a meandering compound channel is verified by fixing different momentum transfer coefficient values for the interfaces in series B21 of FCF before applying to other data sets. Five cases are considered here, i.e. cases A to E where the horizontal momentum transfer coefficient, u is fixed at a value of 0.02. For case C, the vertical and horizontal transfer coefficients are assumed to be same i.e. u = u = 0.02. Cases A and B have u values as one-fourth and one-half of u whereas case D and E have u values as twice and four times of u . The result for the stage-discharge computation for these cases is depicted in Figure 3 where the discharge capacity is observed to be invariable, implying that the momentum transfer coefficient can be taken as the same value for both the vertical and horizontal interfaces. Hence, in the application of the method, u and u are replaced as u ,the momentum transfer coefficient.
The variation of the mean relative error̄u, for all the respective experimental data sets is studied, with different values of u . The mean relative error is defined as the absolute value of the ratio between the difference of computed and measured discharge to the measured , which is expressed as,
This calibration technique can be utilized to obtain an unique momentum transfer coefficient for a meandering channel with measured stage-discharge data. Figure 4 illustrates the variation of mean relative error in different data sets of FCF Phase B, [15] and [16] for varying values of u . As observed in all the insets (a), (b) and (c), although u varies in-between 0.005 to 0.02, an average value of 0.01 can be taken as a standard value of u . A value of 0.01 for u , provides mean relative error of around 1% in the FCF Channels while providing less than 0.5% and around 1.5% in [15] and [16] respectively. Therefore, taking into account the data ranges in the study, it is presumably acceptable to consider 0.01 as the momentum transfer coefficient in meandering compound channels for the present ranges of data.
Conclusion
The vertical momentum transfer between the lower main channel and meander belt width and also the lateral momentum transfer between the meander belt width and the outer floodplains have been considered. With respect to other conventional divided channel methods, the proposed model is quite effective as it takes into account the apparent shear forces at the interfaces of adjoining subareas. The average relative error in the stage-discharge predictions has been carried out, not only for the large scale channels of FCF, but also the small scale channels of [15] and [16] . The present model is quite simple with regard to the other 2D and 3D methods for discharge estimation. The proposed model takes into account only one parameter, i.e. the momentum transfer coefficient, which needs to be calibrated for different data sets. It has been concluded in the study that the momentum transfer coefficient for different interfaces in a compound meandering channel are the same and also that it remains relatively constant for different flow depths. For the present ranges of data sets, it has been substantiated that a value of 0.01 as u , provides acceptable error in the discharge predictions. For data sets beyond these ranges, the value can be calibrated by the measured stage discharge data as illustrated in this paper.
